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1-Introduction
Fretting corrosion, which arises from friction between two surfaces under small displacement loading conditions in a corrosive medium, is related to the stability of the passive film on the metal or alloy surface. As we show in this paper, the passivity of an alloy is susceptible to fretting, because mechanical friction may destroy the barrier oxide layer more rapidly than the barrier layer can grow into the metal at zero barrier layer thickness, thereby inducing depassivation [1] . It is probable that the same process of degradation occurs in erosion-corrosion and particle impact corrosion. However the difference between fretting corrosion and particle impact corrosion lies in the properties of the particles impacting the surface of the alloy. The key points about the wastage rate of particle impact corrosion are particles size (mass), particle flux, pH of the solution, etc. [1] , while the important independent variables for fretting corrosion include contact pressure, displacement, relative velocity of the two surfaces and the existence of a crevice, with the external chemical properties often being of secondary importance.
In the case of fretting corrosion, modeling the degradation of the alloy in terms of the stability of the passive film is a complex task, involving a large number of variables describing a system of great physico-chemical complexity. By carefully combining experimental studies with modeling, it is possible to describe the physico-electrochemical processes involved in fretting and to predict the wear rate, i.e. the wastage rate [2] . A common strategy in the case of fretting between an insulating material and a metallic alloys is to interpret fretting corrosion as an accelerated form of corrosion due to wear. However, the usual galvanic series that is often used under non-fretting conditions to rationalize corrosion phenomens between dissimilar metals in close proximity and in ohmic contact, is considerably modified by the impact of the mechanical degradation of the passive film. Moreover, synergistic effects between various parameters and processes are significant and must be recognized, in order to develop a satisfactory explanation of the overall fretting degradation phenomenon. Sometimes iterative, numerical methods are necessary for modeling the combination of mechanical-and corrosive-degradation, because of the complexity of the constitutive, non-linear equations that often do not have analytical solutions [3] . In this article, we adopt the same strategy by combining experimental studies with a model for the passive state that was developed to describe at the atomic scale the processes that lead to the growth and breakdown of the passive film. The resulting model is optimized on the experimental data to determine values for poorly known model parameters. The optimized model is then used to predict the accumulation of damage beyond the range of optimization.
Fretting corrosion is one of the principal topics of study in the orthopedic-implant field [4] [5] [6] [7] [8] [9] [10] [11] . It is worth noting that this phenomenon also plays a role in the accumulation of corrosion damage in a wide range of systems, including nuclear power plants, where contacting surfaces are often in relative motion 3 [12] . The present study is focused on hip implants and especially on the contact of Type 316L stainless steel against bone cement, which is modeled by poly(methyl methacrylate), PMMA. Hip implants are commonly manufactured from Type 316L SS, because of its good toughness, strength, and corrosion resistance. In its clinical use, the steel stem is inserted into the femoral bone and then fixed with bone cement, consisting principally of PMMA. In the human body, the stainless steel is immersed in a physiological solution, having a high chloride concentration (~ 0.2 M) at a temperature of 38 o C. Because of the significant difference of mechanical properties (especially Young's modulus, a ratio of 100 between 316L and PMMA), stress shielding occurs. This physical phenomenon can be explained as following.
Metallic materials and the polymers do not exhibit the same strain under applied stress, thus leading to disbonding between the metal and the cement. Accordingly, adhesion between the metal and the polymer is lost after a short time of human gait. This debonding involves fretting (friction under small displacements, a term that is defined precisely later in this paper) and subsequent friction between the materials in contact. Thereafter, the materials (stainless steel and bone cement) are subjected to small displacement, frictional loading, in a corrosive environment, resulting in fretting corrosion. Consequently, wear occurs between the bone cement and stainless steel; it involves debris generation (corrosion products) that often produces inflammation reactions, concluding with aseptic loosening of the implants and the need for replacement [5] .
Passivity breakdown on stainless steels is a topic that has been subjected to numerous experimental and theoretical studies. In this paper, the authors have chosen to investigate the progression of damage from the perspective of the Point Defect Model (PDM) [13] [14] [15] [16] [17] [18] [19] [20] [21] . It is worth noting that, in order to use the PDM, values for many important physical parameters have been extracted from the literature, or have been determined experimentally (oxides layer thickness, for instance). Parameter values were selected, to the greatest extent possible, so as to minimize any differences that may exist between the experimental conditions and those assumed in the simulation.
Modeling of fretting corrosion damage using the PDM is shown to be capable of accurately predicting wear. The principal goal is the prediction of the particular 'W' wear-shaped area observed during fretting corrosion between Type 316L SS and PMMA [22] . The oxide layer thickness and the current density are derived as a function of pH and applied potential under steady state conditions without and with fretting. Finally, the fretting contribution is defined, and the wear depth profiles are obtained using the customized PDM, and they are compared with actual wear depth profiles observed experimentally. The oxide film thickness and the current density depend strongly on the local potential, because of the IR potential drop, and on the local pH in the wear track area. These dependencies are examined, in particular, because of their influence on the wear profile and hence on the development of damage. The results are also discussed in terms of crevice corrosion within the friction zone. 
Experimental Techniques
The experimental apparatus and techniques are described in a previous paper [22] . Experiments to understand the development of fretting corrosion were carried out with contact between AISI Type 316L SS and PMMA, under well-controlled electrochemical conditions. The PMMA is a convenient material for these studies, because it is transparent, thereby allowing direct observation of the fretting zone.
Consequently, the progression of the corrosive degradation of the steel has been recorded microscopically in "real time". The fretting corrosion device and tests conditions, i.e. normal load and displacement, were selected to be close to the ones that occur in the human body in practice, and have been described in Ref.
[ profilometry, in order to show, qualitatively and quantitatively, the profile of the wear track area. Current density, wear volume, and wear depth, including those reported in a previous study [22] , were measured, in order to compare the damage with that predicted by the Point Defect Model, PDM.
Results and Discussion
Principal Experimental Results on Fretting Corrosion
First, it is worth noting that oxide spalling and settlement in the fretting experiment occur primarily at the rim of the contact zone. Consequently, one might expect that the pH inside the contact zone, would be very low, e.g. lower than 1. Indeed, according to the Pourbaix diagrams for Cr and Fe [23] , chromium and iron oxides do not precipitate under pH = 1 conditions, although they may exist as meta-stable phases that form directly from the metal (e.g., as the barrier layer of a passive film) [24] . The experimental results demonstrate that chromium oxides deposit near the contact rim and that iron oxides are found at 1.7 mm from the contact rim [25] . These results may indicate that a pH gradient exists from the wear track area to the outside, as expected from crevice corrosion theory. All results presented in the following part of this paper were originally presented in Refs. [22, 26] and relevant information has been extracted therefrom for this analysis. to the relative displacement of the Type 316L SS and the PMMA surfaces. When the two surfaces are in relative motion, the mechanical destruction of the passive layer results in an increase in the current density. It is worth noting that, when the displacement velocity decreases, the current density follows the same trend. This implies that the current density is related to friction-induced, energy dissipation [22, 26] . Table 1 exhibits the values of the current density, measured at different applied potentials, before and during fretting corrosion. The quantity, , which is the contribution to the current density from fretting, is the difference in the current density between when fretting exists and when it does not exist.
The potential of -400 mV(SCE) corresponds to the potential at which the net current density just becomes anodic (positive) ( Table 1) . At this potential, without friction, the net current density is negative (preponderance of cathodic processes); with friction, the current density becomes positive, indicating that anodic reactions dominate the charge transfer behavior of the steel, with fretting enhancing the anodic partial current compared with the cathodic partial reactions (e.g., hydrogen evolution, oxygen reduction) in the mixed potential description of the system. Concerning the use of the PDM, it is necessary to know the wear depths for known fretting times and applied potential. Indeed, the wear depth is inserted into the PDM as a direct measure of the extent of damage. Table 2 represents the time/wear coefficient (linear wear rate) vs. the applied potential for Type 316L SS for different fretting times. The results are extracted from the previous investigation [22] .
Evidently, the time/wear coefficient increases as the applied potential moves in the positive direction, again demonstrating that fretting enhances the anodic partial process. Between -800 and -600 mV(SCE), no wear was measurable. Type 316L SS exhibits no significant degradation by fretting against PMMA within this range of potential. Apparently, the barrier layer in unaffected, and does not lose its protective properties, within this potential range or that the alloy is "cathodically protected" [-600 to -800
Thus, with invocation of Faraday's law, a comparison between the actual and calculated 2D
profiles can be investigated. However, before that is done, the PDM will be optimized on wear data at fixed applied potentials, because this procedure is convenient for calculating the ohmic drop in the crevice between the two fretting surfaces. 
3.2: The Point Defect Model
According to the Point Defect Model (PDM), a passive film is envisaged to be a bi-layer structure comprising a point defective, nano-crystalline barrier layer and a porous outer layer that is formed by the hydrolysis of cations that are transmitted through the barrier layer and are subsequently precipitated as a hydroxide, oxyhydroxide, or oxide, depending upon the local conditions [13] [14] [15] [16] [17] [18] [19] [20] [21] . The stoichiometric formula for the barrier layer oxide on the surface of the stainless steel can be represented as MO /2 , without specifying the exact defect structure. As noted elsewhere [13, 14] , this barrier layer oxide possesses high concentrations of point defects in the form of vacancies on the metal and oxygen sublattices and metal interstitials. Processes occurring at the two interfaces are emphasized, because it is at these locations that the defects are generated and/or annihilated. The interfaces are assumed to be not at equilibrium and hence the rates of film growth and destruction at the metal/barrier layer (m/bl) and the barrier layer/outer layer (bl/ol) interfaces, respectively, are described in terms of kinetic principles. The potential profile across the barrier layer is envisioned to be as illustrated in Figure 3 .  is assumed to be a linear function of the applied voltage and pH as [13] [14] [15] :
where  is the dependence of the potential drop across the bl/ol, interface on the applied voltage, and β is the dependence of the potential drop across the same interface on the pH. The parameter °f /s is a constant (the value of  f/s at V = 0 and pH = 0). By noting that
(2) (see Figure 3 ) and that
, and
we find that the potential drop across the metal/barrier layer (m/bl) interface to be:
where  is the electric field strength in the barrier oxide layer (V/cm), and L is the barrier layer thickness (cm).
The parameter, , the electric field strength, is considered to be independent of distance through the barrier layer and to be independent of applied voltage, because of the occurrence of Esaki, tunneling [13, 14, 33] . Thus, this process is envisioned to buffer the electric field strength at some upper value that is
Film barrier layer Solution outer layer 10 below the dielectric strength at which dielectric breakdown occurs (1 < ε < 5 MV/cm), via field mediated, quantum-mechanical tunneling between the valence and conduction bands with the point defects acting as the inter-band gap states [14, 33] , such that if any process or stress (e.g., applied potential) causes the field to increase the tunneling distance between the CB and VB decreases resulting in an exponential increase in the Esaki tunneling current and in a separation of charge that opposes the field.
The interfacial reactions that are responsible for the generation and annihilation of point defects and for the dissolution of the barrier layer, as envisioned in the PDM, are displayed in (
Migration flux
Reactions 3 and 7 are lattice non-conservative; other reactions are lattice conservative p-type conductivity
As also noted above, the barrier layer of the passive film is either p-or n-type in electronic character, depending upon the relative concentrations of cation vacancies (electron acceptors, p-type dopant) and oxygen vacancies and metal interstitials (electron donors, n-type dopants). Since the defects are generated or annihilated by the interfacial reactions depicted in Figure 4 , the relative concentrations of the three defects in the barrier layer are sensitive functions of the kinetics of the reactions, as reflected in the values for the standard rate constants and the transfer coefficients. Furthermore, it is necessary to classify the interfacial reactions as to whether they are "lattice conservative (lc)" or "lattice nonconservative (lnc)"; a lc reaction is one for which the boundary does not move upon the occurrence of the reaction, while a lnc reaction results in boundary movement. Noting that the smallest structural increment of the barrier layer is one cation and χ/2
, because vacancies can be considered to be real species, it is evident that Reactions (3) and (7) are non-conservative and account for the increase and the decrease of the layer thickness, respectively. The other reactions are all lattice conservative. It should be noted that the addition of Reactions (1) and (4), and Reactions (2) and (5), in Figure 2 , so as to eliminate the defects,
give the same overall Reaction (4), and the addition of Reactions (3) and (6) give Reaction (5), as previously noted [13, 14] .
Thus, we conclude that the generation and annihilation of cation vacancies [Reactions (1) and (4)] and cation interstitials [Reactions (2) and (5)] are formally equivalent to the dissolution of the metal through a semi-permeable membrane in the form of the barrier layer. It is only Reactions (3) and (6), above, that result in the formation of the film, where
is formally equivalent to MO χ/2 , as also noted above. Thus, in describing film growth/dissolution, we need to consider only two reactions, Reactions (3) and Reaction (7), Figure 4 , regardless of which defect is most prevalent in the barrier layer (i.e. regardless of the electronic type).
The rate constants for the various reactions in the PDM presented above are functions of the applied potential, film thickness, and pH, depending upon the location of the reaction and have the form, see Table 3 [13,14,21]:
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Thus, from Figure 4 , the rate constants for Reactions (1), (2) and (3) depend on film thickness, as well as on the applied voltage and pH, because the potential drop across the m/bl interface, which drives the reactions, depends upon the potential drop across the barrier layer and hence upon the film thickness as dictated by Equation (3) and summarized in Table 3 . Other reactions, those at the bl/ol interface, depend upon the pH and applied potential, but not on the film thickness, because the relevant voltage at the point of application (the reference electrode in the solution, just outside the outer layer) has not been imposed across the barrier layer at the point of impact on the rate (the bl/s interface). Tables 3 and 4 summarize, for each reaction, the parameters involved in the rate constant expressions [13, 14, 21] . k : standard rate constant , as described by the PDM [24, 25] .
.. , 3 
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Amongst the many models that have been proposed to describe the passivity of metals, including the growth and breakdown of the passive film; only the Point Defect Model (PDM), developed by Macdonald et al [13] [14] [15] [16] [17] [18] [19] [20] [21] , appears to account for all of the repeatedly-verified, experimental observations on the structure and properties of passive films [13, 14] . The PDM describes the passive film in terms of fundamental chemical reactions and physico-electrochemical processes of the metal-passive film-solution interphase. The passive film has been found to form as a bi-layer, with the structure comprising an inner, defective metal oxide layer (primary passive film or barrier layer) that forms directly from the metal and a precipitated, outer layer that forms from the hydrolysis of cations ejected from the inner layer, as previously noted. The precipitated outer layer frequently incorporates species found in the bulk solution in contact with the metal or alloy that are not found in the alloy itself, while the barrier layer is found to contain only elements present in the metal substrate and not species present in the environment.
The PDM describes the growth and breakdown of passive films in terms of mass and charge fluxes via the transport of point defects (cation vacancies, cation interstitials, and oxygen vacancies)
across the defect semiconducting barrier layer of the passive film, with the point defects (cation and oxygen vacancies and metal interstitials) being generated and annihilated by reactions at the barrier layer interfaces, Figure 1 . From the defect generation and annihilation reactions at the barrier layer boundaries [metal/barrier layer (m/bl) interface and the barrier layer/outer layer (bl/ol) interface], equations describing mass and charge flux and reaction kinetics are derived, including equations for the rate of growth of the oxide into the metal at the m/bl interface and the rate of dissolution of the barrier layer at the bl/ol interface. Further mathematical operations yield sets of equations for the steady-state passive current density and barrier layer thickness and for the response of the system to large and small, time-dependent, applied potential perturbations, as used in electrochemical studies, including chrono-amperometry [18] , electrochemical impedance spectroscopy (EIS) [19] and cyclic voltammetry (CV) [20] . From these equations, and from the experimentally-measured current responses, including electrochemical impedance spectra, upon which the model is optimized, model parameters, such as standard rate constants, transfer coefficients, and interfacial potential drops may be determined.
In the particular case of the fretting corrosion of Type 316L SS in contact with PMMA, it is postulated that the rate of destruction of the barrier layer at the bl/ol interface is not only due to dissolution, but is also determined by wear, possibly involving oxide debris within the gap between the two surfaces, or is due to the direct interaction of the two surfaces themselves. In this particular case, as with most chromium-containing alloys, the compact inner layer (barrier layer) adjacent to the metallic surface is a thin chromic oxide (defective chromia, Cr 2+x O 3-y ) [19, 34, 35] , in which the principal defect is the metal interstitial (x > 0), or oxygen vacancies (y > 0), or both (x > 0, y > 0), with metal interstitials being commonly identified as the principal defect [19, 21] . The barrier layers on a wide range of chromium-containing iron-and nickel-base alloys are invariably n-type in electronic character in a specific range of applied potentials [36] [37] [38] [39] [40] [41] , as expected from the defect assignment given above. As further noted above, the outer layer forms by the hydrolysis and precipitation of iron and nickel cations that are ejected from the barrier layer to form hydroxide, oxyhydroxide, or oxide corrosion products that also incorporate species from solution via co-precipitation. The outer layer is generally non-defective and commonly contains an mixed iron/nickel oxide phase [e.g., (Fe, Ni) 2 
with a different stoichiometry from that of the barrier layer. According to reports in the literature, for Type 316L SS, specifically, the barrier layer comprises chromium oxides, "Cr 2 O 3 ", while the outer layer is composed of iron oxides, Fe (III) [37] . The results presented in this reference were obtained at high temperature (first vacuum annealed 1050 °C and exposition during 720 hours, at pH = 8 and at temperature of 350 °C), so that it is probable that the outer layer at ambient temperature and at pH = 8 is iron hydroxide, Fe(OH) 3 , or iron oxyhydroxide, FeOOH. While bulk chromic oxide is commonly ptype in electronic character, the defective chromic oxide barrier layer on chromium-containing alloys is invariably n-type, as determined by Mott-Schottky analysis [19, [36] [37] [38] [39] [40] [41] [42] [43] , emphasizing that great care
should be exercised when comparing the barrier layer of a passive with a bulk oxide, because the former is a "living entity" (it is being continually generated and destroyed), while the latter is "dead", and because the point defects are Schottky defects that are injected into the oxide by reactions occurring at the interfaces, rather than being Frenkel defects formed by the movement of an ion on the appropriate sublattice into an interstitial position. Furthermore, the interfacial defect generation/annihilation reactions occur in close juxtaposition (i.e., at interfaces that are separated by 1 -3 nm) (Figure 1 
Application of the Point Defect Model to the Prediction of Fretting Corrosion Degradation
From Reactions (3) and (7), Figure 4 , both of which are lnc, the thickness of the barrier layer of the passive film is expressed by Equation 7 [21] .
Where the final term (W) represents the wear rate, V is the imposed voltage,  is the molar volume of the barrier layer per cation (MO χ/2 ) and the other quantities are as defined above. The quantities, dL + /dt and dL -/dt represent the rates of film growth into the metal at the m/bl interface and the rate of barrier layer destruction at the bl/s interface, due to the combined effects of dissolution and wear.
Here, it is noted that the outer layer is generally friable and is easily removed by the moving surfaces.
Accordingly, it is assumed that the barrier layer alone is involved in fretting. The 'wear' term corresponds to the mechanical wear produced during fretting and has units of cm/s, but we emphasize that a synergistic relationship probably exists between mechanical wear and metal barrier layer dissolution. The values of W have been determined from the wear coefficient and wear depth data summarized in Table 2 . The parameter, n, is the kinetic order of the passive layer dissolution reaction with respect to H + . The medium conductivity is high, due to chloride, hydrogen, sodium, and calcium ions in the Ringer's solution. Indeed, the resistivity is equal to 35 .cm. Noting that the potential is measured outside of the crevice, the potential that is applied at the fretting surfaces must be corrected for the IR potential drop down the crevice. Consequently, the actual potential applied in the wear zone, can be expressed as:
where R (Ω) is the resistance of the solution between the wear zone and the reference electrode at location of the tip of the Luggin probe outside of the crevice between the stainless steel and PMMA surfaces, A (cm 2 ) is the cross-sectional area of the crevice, I (A.cm -2 ) is the corresponding current density, and V  is the applied voltage, (V(SHE)).
At steady-state, the thickness of the barrier layer is then given by the transcendental equation 
where the applied potential has been corrected for the IR potential drop [44] . Equation (9) has no general analytical solution for L ss , but solutions for limitingly high and low wear rates can be formulated. Thus, if W is much greater than the dissolution term, Equation (7) reduces to   1 ln
Thus, if the wear rate, W, increases the barrier layer becomes thinner (note that b 3 is negative, Table 3 [13, 14]) and the current increases [see Equation (14) below]. If W is sufficiently high, L ss could be equal to 0 and the barrier layer disappears; that is, the surface becomes depassivated [21] . On the other hand, if the wear rate is small compared to the dissolution rate, Equation (9) 
which yields +   +   0  3  7  3  7  7  3  3  H  0  0  3  3  3  3  7  3  H   1  1  ln ln
From Macdonald et al's. results [19, 42] , and from our preliminary work on optimizing the model on the experimental data, we have assembled a set of parameter values, as summarized in Table   5 , that will be used in the PDM. 
where one term exists for each of the reactions shown in Figure 4 that involves electrons. Noting that, at steady state, the Rates of Reactions (1), (2), and (3) must be equal to the rates of Reactions (4), (5), and (7), respectively, and after substituting Equation (8) 
where the parameters are as previously defined [14] . In this case, the first term on the right side corresponds to that for Reaction (4), Figure 4 , whose rate is equal to that of Reaction (1) and the term for Reaction (7) has been replaced by that for Reaction (3). The rates of Reactions (3) and (7) must be equal in the steady-state, in order that the barrier layer has a constant thickness [see Equation (6) ].
Note that it is assumed that wear does not result in the generation of electrons and hence Equation (15) does not contain a term that corresponds to wear. However, the steady state thickness of the barrier layer, L ss , does depend upon the wear rate, W, Equation (11), and, because the thickness appears in the expression for the current [Equation (15)], so is the current, indirectly, a function of the wear rate, W, with the passive current density increasing with increasing wear rate.
As noted above, experimental studies have demonstrated that the principal defect in the defective Cr 2+x O 3-y barrier layer is the metal interstitial (x > y) [19, 21, 40] or possibly the oxygen vacancy. Accordingly, it may be assumed that the majority of the current is carried by the metal interstitials, as indicated in Ref. [21] for Alloy 22, and hence that the second term in Equation (15) (16) For the case where R = 0, substitution of Equation (13) into Equation (16) shows that the passive current density in the steady-state is constant and independent of potential, as has been previously shown [13, 14, 21, 44] .
Equations (9) and (15) or (16) are a pair of simultaneous, transcendental equations that must be solved iteratively for I ss and L ss . This is done by putting I ss = 0 on the right hand sides of Equations (9) and (15) and solving Equation (9) for L ss and then solving Equation (15) for I ss . These are then substituted back into Equations (9) and (15) and the two equations are re-solved for L ss and I ss . This process is continued, iteratively, until satisfactory convergence is obtained.
Because the majority of the current probably results from metal dissolution through the semipermeable barrier layer, it is possible through using Faraday's law to estimate the metal loss. Thus, the charge that is passed over time, τ, is 
In these expressions, M is the composition -averaged atomic weight of the alloy,  is the alloy density,  is the composition-averaged oxidation number for the alloy, A is the fretting area, and w is the width.
Finally, the wear zones were divided into 2 or 3 sub-zones. A gradient in solution resistance and pH, from the rim of the contact, Zone 1, to the inner part of the wear track area, Zone 2, is assumed during modeling. These two zones are considered when the wear profile exhibits a valley.
Three zones are employed when the wear profile exhibits a 'W' shape. The gradients of resistance and pH, and the wear rate, are postulated to account for this, particular wear shape. The evolution of the physical and chemical parameters is related to experimentally-observed processes, such as hydrogen evolution, as dictated by the pH gradient from within to outside the contact zone. From results taken from the literature and the hypotheses developed therefrom, a code was developed [47] [48] [49] to calculate the oxide layer thickness, the current density, and the wear depth profile, as described above. For the highest voltage and at a pH of 8.2, L ss is comparable to that given by Marx et al. for iron (3 nm) [42] , which is expected. Two physical parameters, especially fitted for better convergence of the PDM on the experimental data in the specific case of Type 316L SS considering dissolution alone (no wear), are: β = -0.03, and ε = 6x10 6 V.cm -1 ; all values are considered to be eminently reasonable. The results, Figure 6 a) show that, if the pH is lower than 1, the barrier layer does not exist, at any potential; that is, the surface is depassivated. In some cases, the oxide layer thickness is predicted to be negative, from which we conclude that the barrier layer of the passive film does not exist, the surface is depassivated, and the interfacial current is carried by metal dissolution alone; that is, active dissolution occurring without the presence of the protective oxide barrier layer. The negative layer thickness has no physical meaning, other than the barrier layer no longer exists, and hence L ss is set equal to zero. However, it should be noted that, under non-fretting conditions, an outer layer may exist on the surface that might provide some impediment to current flow. The current density is lower than 1 nA.cm -2 , except for potentials higher than 0.3 V(SHE) and pH values lower than 3. At fixed pH, L ss increases according to voltage, Figure 6a ). The effect of ohmic drop should play a significant role on this evolution. The zero value of L ss indicates that the growth of the barrier oxide layer is not promoted by fretting, i.e. wear. Indeed, the term
Oxide layer thickness and current density
, which is the condition specified by the PDM for depassivation, and L ss is equal to zero. The same set of equations from the PDM did allow predicting the experimental values. Indeed, we did not measure the actual values of pH and resistance.
Instead, we estimated the range and the evolution of these physical parameters and it is this approximation that is probably responsible for the simulated data not matching exactly the experimental wear data. However, one might expect that the W term, alone, is probably not sufficient for describing all synergistic effects that could exist during the fretting corrosion process. For instance, the W term is probably a function of the properties of the medium, i.e. pH, V, T (temperature), medium composition and ionic strength [43] . This ionic strength is correlated to the chloride concentration in these typical experiments. It is found to have a huge impact on the corrosion resistance of the alloy, especially during wear. Thus, some another experiments will be detailed with different chloride concentrations in further investigations. A more exact treatment of fretting will incorporate synergism between the wear rate and dissolution via the properties of the solution, but that is beyond the current paper. In Figure 7 a), it is noted that oxide layer thickness at high potential and low pH is shown as being zero, and hence the barrier layer does not exist, because of the physical constraint that for passivity, L ss > 0. Fundamentally, this arises, because the destruction rate of the barrier layer at the barrier layer/solution interface under the influence of fretting,
, exceeds the rate of growth of the barrier layer into the steel substrate at the metal barrier layer interface and at zero barrier layer
. Increasing the wear rate, W, Equation (9), results in a shift of L ss towards less positive values (partial depassivation and a higher current density and, eventually, complete depassivation via loss of the barrier layer altogether) followed by a drastic decrease of L ss when the pH is close to 0 and the potential is higher than 0.2 V(SHE). The term "partial depassivation" describes the situation where the barrier layer, in the steady-state, has been thinned by fretting, compared with the absence of fretting, but where the barrier layer has not been completely destroyed. However the thinning of the barrier layer results in an exponential increase in the current density, as shown by Equation (15).
Wear profile comparison at applied potentials equal to 0.25 V(SHE) and -0.15 V(SHE)
The potential of -0.15 V(SHE) corresponds to n-type conductivity behavior of the passive film. It was postulated above that, in order to optimize the actual and experimental wear profiles, the solution resistance and pH must vary within the contact zone. These variations were assumed to be linear with distance from the contact rim to the inner part of the contact zone, all within the crevice formed by the stainless steel and the PMMA slide. In crevice corrosion phenomena, negative pH values (  H a > 1) are often measured in the deepest zone, where the crevice effect occurs [50] . The hypothesis was formulated that the pH varies from a value equal to 3 to a negative value, that is close to -1, in the deepest zone. Moreover, the contribution of pH to the current density is determined by the value of . In this modeling work, the  value was fitted to obtain the best convergence between the experimental and calculated damage (wear depth). For all further simulations and analyses,  is taken to be -0.03 V, as listed in Table 5 , and  is taken to be equal to 6x10
6 V.cm -1 . The value of  is found to be typical of the values determined by the optimization of the PDM on electrochemical impedance spectroscopic data obtained on iron and stainless steels, for example, in contact with neutral and alkaline solutions, suggesting that  is not strongly pH-dependent, as tacitly assumed in the PDM. Figure 8 presents a comparison between the actual and simulated wear depth profiles at an applied potential of 0.25 V(SHE). The actual wear profile exhibits a 'W' profile. Because the damage is symmetric, comparison between theory and experiment has been carried out on only half of the entire worn zone, as indicated in Figure 8 , because the wear track is considered as symmetric. The average depth measured from the non-worn surface, is different from the depth at the contact rim. We conclude that the contact rim is partially protected from corrosion, which may be due to an oxide deposit or by the fact that the pH and/or the potential are not sufficiently low to induce depassivation.
This latter hypothesis is further confirmed by the image provided in Figure 1 . Moreover, it is worth noting that the resistance must increase from the deepest zone of the 'W' wear shape to the middle of the contact zone, in order to fit the model to the experimental data. This variation is physically realistic, because the metal dissolution should occur preferentially in the deepest zone having the greatest acidification, due to dissolution and metal cation hydrolysis to produce highly conductive protons. This increase in proton concentration decreases the solution resistance in the deepest zone, as noted above. Consequently, a positive gradient of resistance occurs from inside the contact to outside the wear zone. wear, which results from synergism between corrosion and mechanics, is less than that which occurs at 0.25 V(SHE). The simulated profile is in better agreement with experiment. It is worth noting that the modeling reported here does not take into account debris transport and corrosion product deposition outside the contact zone. Additional work is required to study these phenomena, which are involved in friction and wear.
In the next section, the wear profile at 0.05 V(SHE) within the middle of the potential range from 0.25 to -0.15 V(SHE), will be compared with a simulated profile. The conductivity type of the oxide layer is, again, n-type. Furthermore, Figure 11 presents a comparison between the simulated and the actual wear volumes. The difference, between both values of wear volume, is relatively small for this type of analysis, lower than 30 %, for potentials equal to -0.15 and -0.05 V(SHE). These results highlight that the corrosion process is quite well-described at both potentials. However, for a potential of 0.25 V(SHE), the simulated wear volume does not agree well with the experimental value. The n-type conductivity of the oxide film should be discussed, at this point.
Wear Profile Comparison at an Applied Potential Equal to 0.05 V(SHE)
The n-type conductivity domain exists until 0.2 V(SCE), at which point cation vacancies become the dominant point defect in the barrier layer, because of the potential-mediated ejection of chromium from the barrier layer as the Cr(VI) species, CrO 4 2-. This process has been previously identified [21] as being responsible for the destruction of the barrier layer and the onset of transpassive dissolution, but it has not yet been incorporated into the current model. Thus, 0.25 V(SCE) can be considered to be the boundary between n-type and p-type conductivity and also as the upper limit of passivity. This phenomenon is readily incorporated into the model by inserting δ = 6 and χ = 3, corresponding to oxidative dissolution of the Cr(III) barrier layer (Cr 2 O 3 ) to form the Cr(VI) oxyanions, CrO 4 2-in the solution, into parameter a 7 in Equation (9) . Consequently, the dissolution term becomes large and the condition for oxidative depassivation (transpassive dissolution [21] ) is achieved. This issue, as well as any synergism between dissolution and wear, will be explored in a future paper, but it is worth noting that inclusion of transpassive dissolution will greatly increase the calculated wear volume and possibly bring the simulated point into much better agreement with that measured, as shown in Figure 11 .
As depicted in Figure 1 , the wear track area, at this applied potential, exhibits great metal loss, which is consistent with depassivation and transpassive dissolution [21] , as noted above. Above 0.1 V(SHE), the wear is drastically accelerated by mechanical friction, due to a decrease in the thickness of the barrier layer for potentials below the critical potential for transpassive dissolution, leading to complete destruction of the barrier layer at E = E trans [see Equation (9) ]. As corrosion is promoted at this applied potential, the degradation of the metal is due principally to transpassive dissolution and not to wear. 
Simulated volume Actual wear volume
Zone protected from corrosion by oxide deposits pH < 0 weak corrosion resistance due to solution presence, gas release pH > 0 resistance increases inside the contact zone makes current flow more difficult. Table 6 summarizes the different reactions that occur in a solution containing a high chloride concentration. These reactions are consistent with an acidification of the medium [50] . It is worth noting that these reactions have not been considered in this study. Only the pH was specified, not the mechanism by which it is lowered. Accordingly, uninhibited metal dissolution may occur to generate a high local concentration of H + via hydrolysis of Cr
3+
, thereby leading to the observed, low pH. The debris that is observed just outside of the rim most likely originates from the hydrolysis of M z+ and the subsequent precipitation of hydroxides, oxyhydroxides, and oxides as the Cr 3+ ions are transported from the crevice into the higher pH medium that exists outside of the crevice. These factors and mechanisms will be incorporated into future modeling work in this program. Table 6 : Medium acidification resulting from metal dissolution in a solution containing high chloride concentration.
local void. This void causes the barrier layer to separate from the substrate metal and hence prevents the film from growing into the metal via the occurrence of Reaction 3, Figure 4 . Because the barrier layer continues to dissolve at the barrier layer-solution interface, the "cap" over the vacancy condensate thins and eventually ruptures to mark a passivity breakdown event. This is the passivity breakdown mechanism, as proposed by the Point Defect Model [13, 14] , does result in a sharp enhancement of the current density. Thus, in the low pH, low potential, and high [Cl -] environment that develops in the wear track, the barrier layer will be subjected to chloride-induced passivity breakdown [13, 14] , which along with acid depassivation, and transpassive dissolution at high potentials [21] , will insure that the metal exists in the active state.
The value of the PDM is that it links atomic phenomena, such as vacancies formation with macroscopic phenomena, such as dissolution, in order to account for corrosion and wear observed under fretting corrosion conditions. This first attempt to apply the PDM to account for fretting corrosion has led to an assessment of the various assumptions, upon which the model is based and to a comparison of the model predictions with experimental results. With respect to the present work, the most important prediction is that the Type 316L SS will be depassivated in the wear track and that this phenomenon results in the observed geometry of attack. Indeed, a gas is evolved during fretting corrosion, which is most likely hydrogen, demonstrating that the metal surfaces in the wear track are in the active, not passive, state, as predicted by the PDM in this paper.
4-Conclusions
This study was focused on using the PDM to interpret and predict fretting corrosion (wear) occurring on Type 316L stainless steel by frictional contact with PMMA under cyclical displacement loading conditions. Optimization of the PDM on the measured wear profiles has yielded all of the PDM parameters that are required to describe the evolution of fretting corrosion damage.
In the case of an n-conductivity type barrier oxide layer of the passive film, modeling the total wear due to corrosion and mechanical abrasion has produced two important results. First of all, the pH was found to decrease from the contact rim to the deepest zone within the 'W' wear-shaped crevice. The current flow is more difficult at the contact center, because of the close proximity of the surfaces, due to the highest contact pressure at the center. Thus, at first sight, it might be expected that corrosion would be less intense and consequently the pH might be higher, because of the lower concentration of cations undergoing hydrolysis. On the other hand, one might also expect that the pH should decrease into the deepest zone, and that the decrease could be correlated with crevice corrosion that should occur in this zone, even with the close juxtapositions of the steel and PPMA surfaces. The experimental evidence for a lower pH is the release of gaseous hydrogen, indicating that the creviced wear zone had become very acidic and the steel surface has been depassivated to corrode in the active state. The second piece of evidence comes from the PDM. In order to fit the model, the pH is required to reach negative values, again indicating significant acidification. Furthermore, the resistance follows the same gradient. The variations of both physical properties (resistance and pH)
had to be optimized, in order to achieve good agreement between the simulated and the actual 2D wear profiles. This conclusion would be greatly supported if, for example, local measurements of pH were available. These experiments are currently being planned. k : standard rate constant , as described by the PDM [24, 25] . Arrhenius activation energy for each reaction; T 0 : reference temperature. 
